Splitting nitrogen (N) application is beneficial for enhancing sweetpotato growth and promoting optimum yields under reduced N rates; however, studies concerning how split N can affect sweetpotato N dynamics and utilization are limited. Field experiments were conducted from 2015 to 2016 to determine how split N application affects sweetpotato N uptake and N use efficiency (NUE) under a reduced N rate. Two cultivars (Xushu 22 and Shangshu 19) were planted under four N treatments, a conventional basal application of 100 kg N ha −1 (100:0), a basal application of 80 kg N ha −1 (80:0), two equal split applications of 80 kg N ha −1 (basal and 35 days after transplanting, 40:40) and a N omission treatment (N0). Data from two years revealed that sweetpotato yields decreased at a reduced 20% N rate with a basal application (80:0); however, the reduced 20% N rate with a split application (40:40) significantly increased the yield by 16.6-19.0%. Although the 80:0 treatment decreased sweetpotato N uptake, the 40:40 treatment increased the N uptake by increasing the N uptake rate and prolonging the duration of the fast N uptake phase. In comparison to the basal application, the split N application used N more efficiently, showing consistently higher levels of agronomic use efficiency, recovery efficiency, physiological efficiency and partial factor productivity. NUEs under split N improved due to increased N uptake during the middle and late growth stages and a higher N partition ratio to the storage root. The above results indicate that split N application provides better N for crop developmental stages and is recommended as an alternative approach to simultaneously increasing storage root yield and NUE under a reduced N rate in sweetpotato production in China.
yield and severe negative environmental impacts 7 . Therefore, optimized N management is imperative to improve NUE and reduce the negative impacts on the environment. Previous research found that N fertilizer could be reduced by approximately 12%-50% of the conventionally applied rates without sacrificing grain yield in rice 14, 15 . However, reduced N application rates for sweetpotato have rarely been studied. More importantly, conventional N fertilizer for sweetpotato is applied at the time of field fumigation in China. However, the majority of N uptake by crops occurs during the later growing season when the crop is growing rapidly 11, 12 . The N fertilizer applied before transplanting needs to stay in the soil for almost 30 d to contribute to the nutrition of the sweetpotato crop, increasing the risk of losing N through volatilization, immobilization, denitrification and/or leaching 16 . Obviously, a large amount of N fertilizer prior to transplanting results in poor synchronization between the soil N supply and the plant demand, resulting in a high soil inorganic N concentration before the happen of rapid plant N uptake 11, 12 . This maximized the risks of N losses and led to a large decrease in NUEs 17, 18 .
Numerous studies have sought to improve NUE by developing N management practices based on a better synchronization between the supply of N and plant demand. Many different measures have been suggested to increasing crop NUE, such as using the optimal rate, application time, and application method for matching N supply with plant demand. N fertilizer rates and application timing are a decisive factor in the obtaining of high yields [19] [20] [21] [22] . Split N application at planting and later during crop growth can be used to shortening the time that inorganic N is present in the soil solution before crop uptake 23 . Recent studies have shown that in comparison to single N application, split applications of N fertilizer result in higher recovery efficiency and higher grain yields 22, 24 . Split N application is the most widely adopted method for grain production worldwide 25 . Split application of N at planting and 30 days after planting (DAT) contributes to high storage root yields 26, 27 . In addition, delayed N application is favorable for storage root formation 12 . Previous studies have mostly focused on crop productivity, whereas few studies have investigated split N effects on N status, N uptake and use efficiency of sweetpotato. The relationship between NUE and N uptake as affected by split N application is still unclear.
The purpose of this study was to improve N management in sweetpotato to enhance NUE and storage root yield without increasing N fertilizer application. On the basis of previous results, we hypothesized that split N application under a reduced rate would enhance plant N uptake, N harvest index (NHI), and NUE and would thereby increase storage root yield. Field experiments were established to analyze the mechanisms through which split N application affects sweetpotato N dynamics and utilization on reduced N. Objectives of this study were (a) to clarify the effect of split N application with a reduced N rate on sweetpotato N dynamics and (b) to compare the N uptake and use efficiency of different N treatments. We believe that the findings of this study will provide theoretical and practical bases for sweetpotato N management in China and abroad.
Results
Storage root yield response to nitrogen treatment. As shown in Fig. 1 , split N application significantly increased storage root yield. In 2015, the storage root yield of the 40:40 treatment was 16.6% (P < 0.05) and 19.0% (P < 0.05) higher than that of the 100:0 treatment for XS22 and SS19, respectively. In 2016, compared with the 100:0 treatment, the 40:40 treatment had a storage root yield that increased by 17.8% (P < 0.05) and 18.6% (P < 0.05) for XS22 and SS19, respectively. However, the 80:0 and 100:0 treatments did not differ in yield (P > 0.05), except for XS22 in 2015.
Dynamic simulation of nitrogen uptake in sweetpotato. N uptake in sweetpotato plant increased from seedling to physiological maturity following a logistic growth curve by days after transplanting (DAT), and there were significant differences among the N treatments (Figs 2 and 3). Compared to the 100:0 treatment, the reduced N rate (80:0) showed a decreased N uptake, but the split N application (40:40) increased the N uptake. As a result, the final N uptake showed a consistent trend for both years with 40:40 > 100:0 > 80:0 > N0. The N uptake of storage root was increased rapidly after the storage root expansion period (70 DAT), and notable differences were found between different N treatments. The final storage root N uptake ranked as 40:40 > 100:0 > 80:0 > N0 for both years (Fig. 3) .
The dynamic uptake of sweetpotato plant N uptake with days after transplanting was simulated using formulas (1)-(2), and differences were observed among the four N treatments ( Table 1 ). During the duration of the fast N uptake phase, the 100:0 treatment had an average rate of 2.06 and 2.02 kg ha −1 d −1 and an uptake duration of 28.0 and 24.9 d for XS22 and SS19, respectively. Compared to the 100:0 treatment, the 40:40 treatment had an average N uptake rate that increased by 1.0% and 16.1%, respectively, but that of the 80:0 treatment decreased by 9.0% and 16.8% for XS22 and SS19, respectively. The duration of the fast N uptake periods of the 80:0 treatment was slightly different than that of the 100:0 treatment, while that of the 40:40 treatment was 2.0-2.1 d longer than the 100:0 treatment.
Differences also existed in the N uptake progress of storage roots ( Table 2 ). In comparison to the 100:0 treatment, the 40:40 treatment had a 0.07-0.23 kg ha −1 d −1 higher average rate and a 1.6-5.5 d longer of N uptake duration. Furthermore, in comparison with the 100:0 treatment, the 80:0 treatment had −1.1-6.0 d longer N uptake duration but the 0.08 and 0.28 kg ha −1 d −1 lower average rates for XS22 and SS19, respectively. Sweetpotato nitrogen uptake and distribution. Both N uptake and NHI of sweetpotato were significantly affected by N treatments (Fig. 4) . The reduced N rate exhibited decreases in N uptake, but split N application noticeably improved sweetpotato N uptake and NHI. Averaged over two years, the total plant N uptake of the 40:40 treatment increased by 10.4 (P < 0.05) and 9.6 (P < 0.05) g plant −1 for XS22 and SS19, respectively, and the NHI increased by 11.7% (P < 0.05) and 12.8% (P < 0.05), respectively. At the same time, the 100:0 and 80:0 treatments did not differ in N uptake and NHI (P > 0.05).
Nitrogen use efficiency in sweetpotato. In the two experimental years, the NUEs of sweetpotato were significantly (P < 0.01) affected by the N treatments (Table 3) . Notably, in comparison with the conventional practice application rate, the reduced N rate had an increased partial factor productivity of fertilizer N (PFPN) but a decreased physiological efficiency of fertilizer N (PEN). Split N application dramatically improved NUEs. Compared to the 100:0 treatment, the 40:40 treatment resulted in increases in agronomic use efficiency of fertilizer N (AEN), fertilizer N recovery efficiency (REN), PEN and PFPN of 124.7%, 56.8%, 42.5% and 46.5%, respectively, for XS22, and 122.3%, 51.8%, 46.1% and 47.2%, respectively, for SS19, averaged over two years. Furthermore, a significant genetic difference (P < 0.05) was observed between the NUEs of two sweetpotato cultivars in 2016 and between AEN and PFPN in 2015.
Correlation coefficients between nitrogen use efficiency and nitrogen uptake. The yield was enhanced with the N uptake of the storage roots at 70-90, 90-120 DAT and total, as well as with N max and T and with the N uptake of the plant at 30-50, 50-70, 70-90, 90-120 DAT and the total, as well as with the N max and T. No significant correlation was observed between the N uptake of storage roots and NUEs at 30-50 and 50-70 DAT. However, the AEN, REN, PEN and PFPN significantly increased with increasing N uptake of the storage roots at 90-120 DAT and total, as well as with T. The AEN and REN significantly increased with the N uptake of the plant at 50-70, 70-90, 90-120 DAT and total, as well as with the N max , and T (Table 4 ). Moreover, the PFPN was significantly correlated with the N uptake of the plant at 50-70, 70-90 DAT and total. These results suggested that too much N uptake at the initial stage of sweetpotato growth inhibited improvements in NUE, while an increase in the N uptake of the storage root and whole plant during the middle and late growth stages was crucial to enhancing NUEs of sweetpotato.
Relationship between nitrogen uptake and storage root yield. Storage root yield was linearly related to the total N uptake of storage roots and whole plants ( Fig. 5) . A linear regression revealed that the slopes of the regression lines and elevations were significant (P < 0.01) for total N uptake in the storage root and whole plant. For every incremental storage root yield, the sweetpotato crop took up 2.71 kg N ha −1 from the mineral fertilizer and the soil.
Economic benefit. In comparison with the 100:0 treatment, the 40:40 treatment showed an obvious increase in output benefit, as shown in Table 5 . There were no significant differences in the costs of the inputs (including the costs of labor and fertilizer). Consequently, the net income across both seasons was considerably enhanced by 17.3%-19.9% (849-1093 US$ ha −1 ) in the 40:40 treatment in comparison with that of the 100:0 treatment, according to the real-time price of the local market. www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
The effects of N fertilizer application rate on sweetpotato yield and NUE have been well documented 6,7,10-12 , but the N split and reduced N application for sweetpotato are poorly understood. This study has clearly shown a significant interaction effect of the N rate and application mode on the N dynamics and NUE of sweetpotato. Interestingly, we found that reducing N by 20% under the split application (40:40) did not adversely affect storage root yield but increased yield by 16.6-19.0% compared with the yield under the conventional practice applied N rate. The improved yield by splitting N was probably attributed to the enhanced N nutrition status and improved N uptake and NUE. Previous studies showed that split N application was beneficial to the stability of sweetpotato yield and quality in China [27] [28] [29] . This study further confirmed that split N application under a reduced N rate was an important guarantee factor for improving NUE without yield loss. This finding has also provided new insights into the relationship between N uptake and NUE for underground storage root crops, and increasing N uptake in the middle and late stages of crop growth is conducive to higher NUE. These findings could contribute to the further improvement of fertilizer use efficiency.
Split application improved sweetpotato nitrogen uptake under a reduced nitrogen rate. N is closely related to plant growth and development during the whole growing season. Sweetpotato plants utilize N acquired from applied inputs to produce more storage roots, and N uptake is co-regulated with crop growth 30 . At the early growth stage, sweetpotato plants have a low demand for N nutrient; however, after 35 DAT (tuber initiation stage), sweetpotato needs more nutrient. Splitting the N at the beginning and 35 DAT better satisfied the plant N demand, ensuring an efficient amount of nutrients in the leaves delaying their senescence 27 . This process was accompanied by a long duration and high rate of the rapid N uptake phase, and the N uptake was significantly higher than that in 100:0 treatment in the present study ( Fig. 4 ). On the other hand, the immature root system at the early growth stage limits basal fertilizer N absorption. However, when fertilizer is applied at 35 DAT, the roots of the plants are well developed, and most of the fertilizer N is absorbed within several days after application, resolving the conflict between supply of and demand for N 31 . As a consequence, split N application markedly improved the N uptake of plants during the middle and late growth stages, leading to increased final N uptake and NHI. Similar results have been reported for rice 32 , cotton 33 and potato 20 . Furthermore, split N enlarged sink capacity 27 , which resulted from the increased storage root weight and storage root number due to their increased N uptake amounts. Thus, split application that synchronizes N application with the N demand of sweet potato plants should allow adequate N absorption to achieve optimum yields under reduced N supply.
Split nitrogen application improved the nitrogen use efficiency of sweetpotato under a reduced nitrogen rate. N uptake and NUE are mainly affected by N application rates, timing, crop establishment, soil types, irrigation, and climate [34] [35] [36] . Excessive N applied at the early growth stage is the main constraint on N uptake and NUE under conventional farmer practices in China 27, 34 . The results from this study suggest that both higher yield and NUE may be achieved in sweetpotato production by optimizing N management practices. A reduced 20% N rate with a one-time basal fertilization (80:0) resulted in lower AEN and PEN than that with the conventional application (100:0), but the NUE significantly increased with a reduced 20% N rate under the The fast uptake period of whole plant N; V t : Average N uptake rate during the fast N uptake period; * significant at P < 0.05; ** significant at P < 0.01.
split application (40:40) . This finding indicated that storage root yield decreased in the 80:0 treatment due to the decreased N uptake, AEN and PEN. Consequently, the increased yield under the 40:40 treatment was attributed to the increased N uptake, and NUE. Our results indicated that the REN, AEN, and PFPN were positively related to the N uptake during the middle and late growth stages, which were markedly improved by the split N application, resulting in improved final N uptake, NHI, and NUEs. Based on the above results, we assumed that the N application crop management needed to achieve a greater yield and higher NUE in sweetpotato is primarily associated with split fertilizer N application rather than high N rates. Additionally, the summer sweetpotato growth period in China is approximately June to October, with excessively high air temperatures, accompanied by high rainfall starting in late June to mid-July at the tuber initiation stage. The seasonal rainfall distribution was approximately 561.7 and 486 mm between planting and 35 DAT in 2015 and 2016 ( Fig. 6 ). These conditions often lead to a high risk of N leaching events. In our study, a higher sweetpotato N uptake was observed in 2016 than in 2015. The differences were primarily related to the fertilizer loss caused by excessive rainfall in the 2015 early growing season (Fig. 6 ). Thus, split N application can increase N uptake by reducing leaching and runoff, especially in years with heavy rainfall 37, 38 . This study also confirmed that the variable N uptake between years was larger in the 100:0 treatment than in the 40:40 treatment ( Fig. 4) . Split N at the beginning and 35 DAT can supply sufficient fertilizer timed to maximize crop production without increasing the risk of fertilizer loss to the environment, which was consistent with the results of N fertilizer application in potato production in northeastern Florida 39 .
Split nitrogen application is a suitable way to improve both yield and nitrogen use efficiency.
There is currently challenging to achieve high yield and high N use efficiency in sweetpatoto production. The information gained from this research is valuable for future research and will help develop effective nutrient management strategies. Previous research has shown that conventional N management practices for sweetpotato cause excess vegetative growth, early leaf senescence, low photo assimilation and a low harvest index 7, 12, 27 . Excessive levels of soil N at early stages of crop development also delay storage root set or bulking 12, 40 . N management in sweetpotato should improve the number of effective storage roots and the harvest index by maintaining higher photo assimilation rates during the tuber expansion period. Split N application is recognized as the most promising way to accomplish this goal.
The improve in storage root yield and reduce in fertilizer input resulted in the greatest profit for the split N under a reduced rate. In this research, the corresponding net economic benefit would increase approximately 999 US$ ha −1 in average years when sweetpotato was planted with split N application rather than conventional one-time basal fertilization. N splitting is therefore recommended as an alternative approach to synchronously increase the storage root yield, NUE and planting benefit under a reduced N rate in sweetpotato production systems in China. Nevertheless, the percentages of the split should be determined according to the primary soil fertility. The optimal split N regimes may depend on the cultivar or rainfall regime, and this requires further investigations. Table 2 . Logistic equation characteristics of the N uptake of the storage root subjected to different N treatments in 2015 and 2016. t: days after transplanting (DAT); t 1 : Time of storage root N uptake rate acceleration; t 2 : Time of storage root N uptake rate deceleration; T: The fast uptake period of storage root N; V t : Average N uptake rate during the fast N uptake period; * significant at P < 0.05; ** significant at P < 0.01.
Scientific RepoRtS | (2019) 9:14058 | https://doi.org/10.1038/s41598-019-50532-2 www.nature.com/scientificreports www.nature.com/scientificreports/ conclusions (i) The storage root yield was significantly increased by 16.6-19.0% with a reduced 20% N rate under split application, which was attributed to the enhanced N uptake and NUE. (ii) Reduced 20% N under the split application increased the sweetpotato N uptake rate and the duration of the rapid N uptake phase, resulting in improved N uptake. (iii) Split application under a reduced N rate obviously improved the N uptake of sweetpotato during the Table 3 . Comparison of the agronomic use efficiency of fertilizer N (AEN), fertilizer N recovery efficiency (REN), physiological efficiency of fertilizer N (PEN) and partial factor productivity of fertilizer N (PFPN) among different N treatments in 2015 and 2016. Means within a column followed by the same letter do not differ significantly at P < 0.05. F values and significance levels ( ** P < 0.01, * P < 0.05 and ns P ≥ 0.05) are given.
www.nature.com/scientificreports www.nature.com/scientificreports/ middle and late growth stages, leading to increased NHI, AEN, REN, PEN and PFPN. (iv) Split N application with a low N application rate is recommended as an alternative approach to synchronously increase the storage root yield and NUE of the inadequate N management sweetpotato production systems in China.
Materials and Methods
Experimental design and crop management. Two field experiments were established at the agronomy research farm of the Agricultural Sciences of Anhui Academy (31°89′N, 117°25′E) , Hefei, Anhui, China, in the 2015 and 2016 growing seasons. The soil was loam, containing 11.2 and 10.9 g kg −1 organic matter, 0.71 and 0.68 g kg −1 total N, 7.6 and 7.9 mg kg −1 available phosphorus (P) and 149.5 and 167.3 g kg −1 available potassium (K) before sweetpotato transplanting at a soil depth of 0-20 cm in 2015 and 2016, respectively 27 . The rainfall and temperature during two experiment seasons were shown in Fig. 6 . Four N treatments were conducted in the experiments: a conventional N management practice, a single basal application of 100 kg N ha −1 (100:0), two treatments that received 20% reduced N (80 kg N ha −1 ) applied either at 100% at basal application (80:0), or two splits of 50% at basal application and 50% at storage root initiation stage (35 DAT, 40:40) , and a N omission treatment (N0) 27 Table 4 . Correlation coefficients among sweetpotato NUEs and N uptake in four N treatments. DAT: Days after transplanting; N max : Asymptotic maximum N uptake; V t : Average N uptake rate during the fast N uptake period; T: The fast uptake period of sweetpotato N; * significant at P < 0.05; ** significant at P < 0.01. www.nature.com/scientificreports www.nature.com/scientificreports/ ha −1 equivalent as potassium sulfate) were applied as basal fertilizer at land preparation. Plots were arranged in a randomized complete block design with three replications. The plot size was 40 m 2 (5.0 m × 8.0 m) with five rows. Xushu 22 (XS22) and Shangshu 19 (SS19), which are the popular high yielding sweetpotato cultivars in China, were used in the field experiment. XS 22 was long vine type and SS 19 was short vine type, they were typical representative variety promoted and applied in China. Sweetpotato was sown in nutritional beds on 12 April 2015 and 2016, and the sweetpotato seedlings were transplanted on June 18 and June 19 and harvested on 24 October and 6 November 2015 and 2016, respectively. The sweetpotato seedlings were transplanted to the field at a density of 50,000 plants ha −1 for the two cultivars. The remainder of the management was based on the high standard of field production.
Sampling and growth measurement. Five sweetpotato plants per plot were collected at 20-d intervals from July 18 to October 16 in 2015 and from July 19 to October 18 in 2016. Subsequently, sweetpotato plants were separated into four fractions (leaf, petiole and vine, storage root, and root). All samples were dried in a fan-forced oven at 105 °C for 30 min and then at 80 °C for 3 days. The total N content of the different plant organs were determined by Kjeldahl method. Sweetpotato plant N uptake (kg ha −1 ) was calculated based on the biomass weight and the N content. Storage root yields were measured by hand from three central rows in each plot.
Nitrogen dynamics. To model the N uptake pattern, a logistic model was used to describe the progress of the crop plant N uptake as follows 41,42 : Table 5 . Economic input, output and net income of sweetpotato production among different N treatments in 2015 and 2016. www.nature.com/scientificreports www.nature.com/scientificreports/ where, t is the DAT, N (kg ha −1 ) is the N uptake in sweetpotato, N max (kg ha −1 ) is the asymptotic maximum N uptake by sweetpotato, and a and b are the constants to be determined.
The time of the N uptake rate acceleration is t 1 , the time of the N uptake rate deceleration is t 2 , t 2 -t 1 is the fast uptake period of sweetpotato N, and the average N uptake rate (V t ) was calculated using the following equations:
From formula (1): Nitrogen use efficiency. The NUEs of the REN, AEN, PFPN and PEN were calculated with the following formulas:
The AEN is the increased storage root yield (ΔY) over zero-N plots per unit area of fertilizer N applied (N A ). The REN is the increased total N uptake over zero-N plots (ΔN U ). The PFPN is the storage root yield (Y) per unit area of fertilizer N applied (N A ). The PEN is the increased storage root yield per unit area (ΔY) of increased N uptake over zero-N plots (ΔN U ) 41 .
Economic and statistical analysis. The economic analysis was performed based on the cost of inputs and price of produce. Microsoft Excel 2010 and Origin 2018 software were used for data processing and figure drawing, respectively. The variance analysis was performed by Duncan's new multiple-range test at the 5% probability level in SPSS 20.0 statistical software.
